Abstract. Mammalian MACF1 (Macrophin1; previously named ACF7) is a giant cytoskeletal linker protein with three known isoforms that arise by alternative splicing. We isolated a 19.1-kb cDNA encoding a fourth isoform (MACF1-4) with a unique Nterminus. Instead of an N-terminal actin-binding domain found in the other three isoforms, MACF1-4 has eight plectin repeats. The MACF1 gene is located on human Chr 1p32, contains at least 102 exons, spans over 270 kb, and gives rise to four major isoforms with different N-termini. The genomic organization of the actinbinding domain is highly conserved in mammalian genes for both plectin and BPAG1. All eight plectin repeats are encoded by one large exon; this feature is similar to the genomic structure of plectin. The intron positions within spectrin repeats in MACF1 are very similar to those in the dystrophin gene. This demonstrates that MACF1 has characteristic features of genes for two classes of cytoskeletal proteins, i.e., plectin and dystrophin.
The plakins, a family of large structural proteins that organize cytoskeletal elements, include plectin, dystonin/bullous pemphigoid antigen 1 (BPAG1), desmoplakin, envoplakin , periplakin , and macrophin1 (MACF1), which was previously named ACF7 for actin crosslinking protein family 7 (Bernier et al. 1996) . These proteins have similar modular structures composed of globular N-terminal and C-terminal domains that are connected by a central, ␣-helical, coiled-coil, rod-like domain. Both plectin and dystonin/BPAG1n (the neural isoform of BPAG1) contain an N-terminal actinbinding domain (ABD), whereas desmoplakin, envoplakin, and periplakin do not. Since these proteins provide structural support in epidermal cells and neurons, loss of plakin function often results in diseases of the skin as well as neural tissues Mahoney et al. 1998) . For example, mutations in the human plectin gene cause epidermolysis bullosa simplex with muscular dystrophy (EBS-MD; McLean et al. 1996) . Mutation of the mouse gene for dystonin/BPAG1 weakens mechanical integrity of the stratified epithelium, resulting in dystonia musculorum with severe neuronal degeneration in mice (Brown et al. 1995; Dalpe et al. 1999; Dowling et al. 1997; Guo et al. 1995) .
MACF1 is classified as a member of the plakin family because its N-terminal ABD is more similar to the ABD in plectin and dystonin/BPAG1n than that in ␣-actinin/␤-spectrin/dystrophin (Bernier et al. 1996; Byers et al. 1995) . MACF1 was first identified as a partial human cDNA and named ACF7 by Kunkel and colleagues in a search for new types of actin-binding proteins related to dystrophin (Byers et al. 1995) . In a similar screen for actinbinding proteins related to dystonin, Kothary and colleagues identified three isoforms of mouse ACF7 with different N-termini (Bernier et al. 1996) . Full-length cDNAs of one of these isoforms have been cloned subsequently in human and mouse and given different names, e.g., macrophin (Okuda et al. 1999) , trabeculin-␣ , and MACF (Microtubule Actin Cross-linking Factor; Leung et al. 1999) . As with plectin and BPAG1n (Brown et al. 1995; Fuchs et al. 1999) , alternative splicing and promoter usage appear to result in the multiple MACF1 isoforms. MACF1 isoforms 1 and 2 (MACF1-1 and MACF1-2; Bernier et al. 1996; Leung et al. 1999 ) have identical ABDs, but different 5Ј UTRs and N-terminal sequences preceding the ABD. Isoform 3 (MACF1-3), in contrast, contains a unique 5ЈUTR, a longer N-terminal sequence, and just the second half of the ABD (Bernier et al. 1996) . The sequences following the ABD appear to be otherwise identical, but have not been characterized completely.
In this report we present the molecular cloning of MACF1-4, a fourth isoform of MACF1. The 19.1-kb full-length human MACF1-4 cDNA did not encode an ABD, but instead contained plectin repeats at the N-terminus. The N-terminus of this isoform is clearly distinct from any of the three mammalian MACF1 isoforms cloned previously. However, the remaining 13 kb of the 19.1-kb cDNA was virtually identical to the previously characterized full-length human MACF1 cDNAs (Okuda et al. 1999; ) and was highly homologous to the mouse ortholog Macf1 (Leung et al. 1999 ). Analysis of a BAC/PAC contig covering the MACF1 gene identified exons encoding all four isoforms and provided insight into mechanisms that direct production of alternative N-terminal sequences of MACF1. The MACF1 gene appears to be a hybrid derived from ancestral genes for plectin and dystrophin.
human and mouse ESTs and subsequently KIAA0465 (GenBank AB007934). We obtained four human and mouse cDNA clones for further analysis: two human IMAGE clones KH327 (IMAGE CloneID 198389) and KH362 (CloneID 594081) overlapped and generated a 3-kb contig corresponding to the most 3Ј end of cDNA. Five additional MACF1 cDNAs were obtained by screening 10 6 phage clones from a human pituitary gland cDNA library (Stratagene), initially with the 5Ј end of KH327 (KH408 and KH418), then with the 5Ј end of each longer human cDNA (KH442, KH454, and KH478). These additional cDNAs extended the MACF1 contig to 13.4-kb. RT-PCR was performed on total RNA of human EBV-transformed lymphoblastoid cells to show that the contig up to this point was indeed derived from the same transcript. As no additional cDNAs could be isolated from this pituitary gland library, we screened a human heart cDNA library with the 5Ј end of KH478, which identified KH515 and extended the contig by an additional 2.8-kb to a total of 16.2 kb. The remaining 5Ј end of the MACF1-4 cDNA was cloned from a genomic BAC clone (CITB-372N10) with a continuous ORF.
Isolation of genomic DNA for human MACF1 gene. Human MACF1 genomic clones were isolated, starting at the 3Ј end of the gene ( Fig. 2A) . PCR assays were used to identify genomic PAC and BAC clones for human MACF1 gene. Gene-specific primers were designed to the MACF1 cDNA sequences. Two PAC clones (clones 144E1 and 180I11) corresponding to the 3Ј end of human MACF1 gene were identified by Van Camp's group as part of a contig for the DFNA2 candidate gene region. By using primers from the 5Ј ends of MACF1 cDNAs, we identified at least 14 MACF1 BAC clones and obtained and sequenced 9 of these: 157P10 (KH526), 336H16 (KH527), 372N10 (KH528), 519O8 (KH530), 210A12 (KH674), 367P6 (KH675), 409D1 (KH676), 461A22 (KH677), and 540L7 (KH678). DNA was prepared from 0.5-1 L saturated liquid cultures with KB-100 Magnum Purification kit (Genome Systems) or Qiagen Plasmid Maxi Kit with an additional treatment with RNaseA (10 g/ml) to remove trace amounts of RNA. Purified BAC/PAC DNAs were subjected to sequencing and PCR analysis.
DNA and protein sequence analysis. Purified plasmid and BAC/PAC
DNAs were sequenced, initially with vector primers, then with genespecific primers, at the University of Michigan DNA Sequencing Core on an automated DNA sequencer by using ABI Taq DyeDeoxy terminator cycle sequencing. A few intronic regions that were difficult to sequence directly from BAC/PAC clones were PCR amplified, subcloned, and sequenced. If sequencing difficulty persisted, size estimates of these regions were obtained, based on PCR. DNA sequences were aligned to form a cDNA contig and 19 genomic contigs with the SEQMAN program of LaserGene (DNASTAR, Madison, Wis.) . Database searches with either DNA or protein sequences were performed with the BLAST search program (Altschul et al. 1997 ) on NCBI databases (http://ncbi.nlm.nih.gov). Protein structure analysis for domain matches, e.g., plectin repeat, spectrin repeats, GAR/GAS domain, and EF hands, was performed with Pfam (release 5.4) (http://pfam.wustl.edu/hmmsearch.shtml).
SSCP analysis. One pair of primers (8622F and 6441I) corresponding to the 3ЈUTR of the mouse Macf1 cDNA was used to amplify by PCR genomic DNA from mouse strains C57BL/6J and Mus spretus. Nucleotide sequencing identified a single-base-pair mismatch as well as size difference in amplified products between these two strains (261 bp in C57BL/6J vs 262 bp in M. spretus). SSCP analysis of the amplified region was then performed on the parental strains and 94 progeny from the BSS interspecific backcross (C57BL/6J × M. spretus) F 1 × M. spretus from The Jackson Laboratory (Rowe et al., 1994) . SSCP analysis was performed as described previously (both primers were end labeled with [␥- 32 P]ATP and T4 polynucleotide kinase. PCR was performed in a 10-l reaction containing 50 ng genomic DNA, 100 M dNTP, 300 nM unlabeled primers, 100 nM end-labeled primers, 0.5 unit Taq polymerase (Sigma), 10 mM Tris (pH 8.0-8.3), 5 mM NH 4 Cl, 25 mM KCl, and 1.5 mM MgCl 2 . Thermocycling conditions were: 95°C for 15 s, 60°C for 30 s, followed by 72°C for 1 min, for a total of 35 cycles. PCR reactions were denatured at 95°C for 10 min, cooled immediately on ice, and loaded on 0.4 × MDE gels (Mutation Detection Enhancement gel, FMC BioProducts) by using 0.7 × TBE buffer for electrophoresis at 12 W for 18 h. Gels were dried and exposed to Kodak X-Omat film overnight at room temperature. C57BL/6J-specific SSCP bands were scored for haplotype analysis. The data are deposited and available on The Jackson Laboratory web page (http://www.jax.org/ resources/documents/cmdata).
RNA blot hybridization. Isolation of total RNA from 4-week-old mice (strain C57BL/6J), electrophoretic separation, transfer to Nytran membranes, preparation of an anti-sense riboprobe, and the hybridization conditions were as described previously (Gong et al. 1999) . Agarose (1%)-formaldehyde gels were run for 8 h at 57 V. The mouse tissue Northern blot was hybridized with an [␣-32 P]UTP-labeled anti-sense riboprobe derived from KH331 (1339-bp insert corresponding to the 3Ј-UTR of the mouse Macf1 cDNA) at 65°C for 22 h. The most stringent post-hybridization wash was in 0.2× SSC-0.5% SDS at 65°C. RNA sizes were based on extrapolated estimates from RNA molecular weight markers (size ranges of 1.5 kb-6.9 kb) and a 10-kb Kif1bp204 transcript studied previously (Gong et al. 1999 ). The KH331 anti-sense riboprobe was labeled with [␣-32 P]UTP and modified CTP (StripEZ RNA synthesis kit) for analysis of a master dot blot (Clontech) containing poly(A)+ RNA from 50 different human tissues. Hybridization conditions were similar to those used for the mouse tissue Northern blot, but the most stringent wash was in 0.5× SSC-0.5% SDS at 60°C to allow for cross-species hybridization. Membranes were exposed to Kodak X-Omat films with intensifying screens at −80°C for 2 days (human dot-blot) or 3 days (mouse Northern).
Results

Molecular cloning of MACF1-4.
We have identified and cloned a cDNA encoding a new isoform of MACF1 that lacks an actinbinding domain (ABD). The cDNA sequence was generated by screening human pituitary and heart cDNA libraries (Fig. 1A) , starting with a probe from the 3Јuntranslated region (UTR), as well as by sequencing the large N-terminal exon from a BAC clone. The composite 19.1-kb cDNA sequence contained a 0.1-kb 5ЈUTR, 17.8-kb ORF, and a 1.2-kb 3Ј UTR (Fig. 1A) , and predicted a protein of 670 kDa. This isoform of MACF1 is one of the largest proteins identified to date. Pfam analysis predicted eight plectin repeats in the N-terminus and 27 spectrin repeats in the central region, followed by two putative Ca-binding EF hands, a distinctive Gas2 homology domain, and a serine/glycine-rich Cterminus. The 3Ј-end 13 kb of the MACF1-4 sequence, encoding 26 of 27 spectrin repeats and the C-terminal regions, was virtually identical to full-length sequences of human MACF1-2, macrophin (Okuda et al. 1999) , and trabeculin-␣ , and was highly similar to its mouse ortholog, Macf1 (Leung et al. 1999) . The first 5 kb of the cDNA, however, was unique and shared no significant homology with any mammalian MACF1 cloned previously (Bernier et al. 1996; Byers et al. 1995; Leung et al. 1999; Okuda et al. 1999; Sun et al. 1999; Fig. 1B) . The MACF1-4 cDNA does not contain any sequence for the ABD present in the other three isoforms despite many attempts by RT-PCR to link its 5Ј-end sequence to the ABD sequence. Instead, MACF1-4 has a unique N-terminus containing 8 plectin repeats and a spectrin repeat not present in the other isoforms. The plectin repeat, defined here based on the Pfam algorithm, is a 45-amino acid long ␣-helical domain; it was first identified in plectin (Wiche et al. 1991) and is also present in other plakins. The spectrin repeat is an approximately 109 amino acid helix-turn-helix repeat present in spectrin, dystrophin, and other members of the spectrin subfamily of actin crosslinking proteins (Winder et al. 1995) .
Mapping the mouse Macf1 gene. To determine the chromosomal location of the orthologous mouse gene, we used an SSCP assay for the 3Ј UTR of the corresponding mouse cDNA on the Jackson mouse BSS backcross (Rowe et al. 1994) . Linkage and haplotype analyses revealed that this gene is located on mouse Chr 4 at position 55.6 (Mouse Chromosome Committee) with the following gene order: Dab1/Iapls3-10/Pmv19-(1.06 ± 1.06 cM)-D4Mit120-(1.06 ± 1.06 cM)-Faah/Mf2/Mp1-(1.06 ± 1.06 cM)-D4Mit334-(1.06 ± 1.06 cM)-Iapls3-31/Iapls1-19-(1.06 ± 1.06 cM)-Macf1/ Aclp7/Bmp8a/D4Mit11-(1.06 ± 1.06 cM)-D4Mit12-(1.06 ± 1.06 cM)-Prp18-(1.06 ± 1.06 cM)-D4Mit16-(1.06 ± 1.06 cM)-Matn1/ Pmp22-rs/Ptpro. This region of mouse Chr 4 shares a region of conserved synteny with human Chr 1p32, where the human MACF1 has been mapped (WI-13856, STS corresponding to 3Ј UTR of MACF1; GenBank G24302). These mapping data thus confirmed the locations of the orthologous genes: human MACF1 and mouse Macf1. Kothary and colleagues previously mapped the 5Ј end of the mouse Macf1 gene (locus designation Aclp7) by RFLP analysis to the same location on mouse Chr 4, by using the same Jackson BSS backcross panel (Bernier et al. 1996) . These results showed a close link between the 3Ј end of our new cDNA and the 5Ј end of the mouse Acf7 cDNA. The genomic organization of the human MACF1 gene (see below) confirmed that MACF1 and ACF7 were indeed the same gene.
Genomic organization of human MACF1.
To determine the exonintron structure of MACF1, overlapping human BAC and PAC clones spanning the majority of the MACF1 gene were isolated by PCR screening and sequenced as described in the Methods. Genomic clones for the first two exons were identified from unordered, partially finished sequences in the high throughput genome sequence (htgs) database. We identified 102 exons in the MACF1 gene by comparing cDNA and genomic sequences ( Fig. 2A) . All exons were flanked by consensus acceptor and donor sequences. The exon sizes range from 9 bp (exon 72) to over 5.4 kb (exon 38). The 5Ј-most BAC (RP4-648J17; Fig. 2A ) was identified in htgs sequences and provided the sequence surrounding exons 1 and 2. This BAC clone also contains the NDUFS5 gene encoding the 15-kDa subunit of mitochondrial NADH-coenzyme Q reductase and therefore defines a 5Ј telomeric neighbor of the MACF1 gene. The 3Ј-most PAC (RPCI-1 144E1) contains several STS markers derived from the 3ЈUTR of MACF1. Another htgs BAC clone RP11-161O10 (GenBank AC024511, containing intron 44 to exon 102 of MACF1) overlaps with BAC clone RP11-118J21 (GenBank AL033527), which contains BMP8 (bone morphogenic protein 8) and MYCL1 (L-MYC) genes. This BAC/PAC contig therefore contains the entire human MACF1 gene, which is located on Chr1p32 between NDUFS5 (telomeric) and BMP8/MYCL1 (centromeric) genes.
The overall order of exons encoding the isoform-specific regions of MACF1-1, 2, and 3 and the ABD is quite similar to the organization of the murine plectin gene (Plec1) (Fuchs et al. 1999; Liu et al. 1996) . MACF1 exons 1 and 2 encode the unique 5ЈUTRs and isoform-specific N-termini of isoforms 2 and 1, respectively. These alternative exons are then spliced to exon 3, the exon encoding the first part of the ABD (Fig. 2B ). The MACF1 ABD is encoded by seven exons: exons 3-6 for the first half, and exons 8-10 for the second half of the ABD. Exons 3-6 are used in MACF1-1 and -2, but not MACF1-3. Exon 7 contains the MACF1-3 specific sequence, which is spliced into exon 8 to generate the incomplete ABD characteristic of isoform 3. Exons 8-10 encode the second half of the ABD, which is present in all three isoforms (Fig. 2B ).
Exons 1, 2, and 7 encode the 5ЈUTRs and initiation Met codons of isoforms 2, 1, and 3, respectively. These sequences enabled us to define more precisely the N-termini of MACF1 isoforms, which are presented with the sequence of the predicted 5Ј UTRs in Fig.  3A -C. We identified a putative initiation ATG codon for MACF1-2 in exon 1 (Fig. 3A) . This codon and an in-frame stop codon 145 bp upstream, with no other intervening ATG codons in-frame, are preceded by a good match (GCCtggGCCATG) to the Kozak consensus sequence (GCCRCCATG) (Kozak 1987) . The predicted N-terminal amino acid sequence of exon 1 is identical to that of human macrophin and mouse Macf sequences. The second half of the sequence is also very similar to exon A (77% identity) encoding isoform 2-specific sequences of human and mouse genes for dystonin/Bpag1n (Bernier et al. 1996) , as well as exon 1c of the plectin gene (57% identity) (Fuchs et al. 1999) . Although human MACF1-1 cDNA had not been cloned, exon prediction was possible based upon mouse Macf1-1 partial cDNA sequence. Exon 2 of the human MACF1 gene contained a potential ATG codon (Fig.  3B) . This is the first in-frame start codon following a stop codon 
(MACF1-4). (A)
The MACF1-4 cDNA contig, ORF, and graphic representation of the predicted protein domains. The domains preceding the vertical dotted line are unique to MACF1-4; the domain structure following this dotted line is common to all four isoforms. Abbreviations and symbols used: ABD, actin-binding domain (darker shaded boxes); PR, plectin repeat (dotted ovals); SP, spectrin repeat (open ovals); EF, EF hand (rectangles with backward diagonal stripes); G, Growth-Arrest-Specific Protein 2 (Gas2) domain (open rectangle). Numbered horizontal lines indicate the position and extent of DNA sequences used to construct the MACF1-4 cDNA sequence (GenBank No. AF317696). Sequence 1 was derived from a continuous ORF in exon 38. Sequence 2, a partial cDNA isolated from a human heart cDNA library (OriGene), extended from nt 2951 (in exon 38) to nt 7100, the sequence following spectrin repeat 5 of the common region. Sequences 3-7 were partial cDNAs isolated from a human pituitary cDNA library. Sequences 8 and 9 were partial cDNAs from IMAGE collections (CloneID 198389 and 594081, respectively). These two clones were identified through database searches with a chick cDNA KH124 from a previous study (Gong et al. 1996) . The open box represents the MACF1-4 coding region; the lines preceding and following the open box represent the 5ЈUTR and 3ЈUTR, respectively. Pfam analysis of MACF1-4 protein sequence identified 8 plectin repeats, 27 spectrin repeats (SR 3-29), 2 putative Ca-binding EF hands, a Gas2 domain (Collavin et al. 1998) , and a glycine/serine-rich C-terminus (diagonal stripes). (B) Structural domains of MACF1 isoforms 1-3. Each isoform (MACF1-1, -2, and -3) contains an isoform-specific N-terminus (shaded bar), followed by either a complete actin-binding domain in isoforms 1 and 2 or only the second half of the ABD in isoform 3. Pfam analysis predicted 28 spectrin repeats (SR1, 2, and 4-29) in the full-length MACF1-2 (macrophin, GenBank AB029290), the only other MACF1 isoform for which a complete cDNA contig has been generated. The N-terminal structures of MACF1-1 and MACF1-3 are based on BLAST alignments of the mouse partial cDNA sequences (U67203 and U67205, respectively; Bernier et al. 1996) with human genomic sequences (see Figs. 2 and 3 ).
(tga) 531 nts upstream. The sequence preceding this Met codon (GCgGCCATG) is also a good match to the Kozak consensus sequence. The predicted MACF1-1 N-terminus is 15 aa longer than the published mouse Macf1-1 partial sequence. The human MACF1-1 N-terminus is also similar to human and mouse dystonin isoform 1 encoded by exon AЈ, as well as to plectin encoded by exon 1f (81% and 62% identity, respectively, in the region of available sequence). Although the sequence preceding our predicted start codon in exon 7 for MACF1-3 (aagGaaATG) does not match the Kozak consensus, the mouse Macf1-3 cDNA predicts the same initiation Met codon (Fig 3C) . In addition, no other ATG codons are present in exon 7 or immediate downstream. The human and mouse sequences of the isoform 3-specific regions shared only 76% amino acid identity, in contrast to the high sequence identity between human and mouse MACF1 isoforms 1 as well as 2. Additional sequences following the ABD and common to isoforms 1, 2, and 3 are encoded by exons 11-37.
Exon 38, the largest exon of the MACF1 gene, encodes the MACF1-4 isoform-specific N-terminus (Fig. 3D ). This exon contained an ATG codon preceded by (aaaGCCATG), a reasonable match to the Kozak consensus sequence. Although there is a potential 3Ј splice acceptor sequence upstream, we found no evidence for any mRNA in which upstream exons splice into exon 38. This analysis included repeated attempts to link exon 38 to either exon 37 or one of the exons for the ABD either by PCR of cDNA libraries or by RT-PCR of human mRNA derived from several tissues, including heart, lung, and brain. We therefore propose this ATG as the initiation codon for isoform 4. Pfam analysis identified eight plectin repeats that are all encoded by exon 38 and are present only in MACF1-4 ( Fig. 1B; 4B ). The first plectin repeat is 12-amino acids downstream of this ATG. Additional isoform 4-specific sequences were encoded by exons 39-42, which were not present in isoforms 1, 2, or 3.
Exons 19-37 and 41-91 encode spectrin repeats that contribute to the central rod domain in MACF1. Pfam analysis identified 29 spectrin repeats (SR) with E values < 0.05 (Fig. 4A) . Spectrin repeats 1 (SR1; exons 19-20) and 2 (SR2; exons 35-37) are present only in isoforms 1, 2, and 3. SR3 (exons 41-42) is present only in MACF1-4. Exons 43-91 encode 26 additional spectrin repeats, which are present in both full-length MACF1-2 and MACF1-4. Thus, MACF1-2 contains 28 repeats (SR 1,2, and 4-29), whereas MACF1-4 contains 27 repeats (SR 3-29). Spectrin repeats were generally encoded by small exons interrupted by small introns. We aligned all 29 repeats and noted the positions of introns within the repeats (Fig. 4B) . The most striking feature of this analysis was the nearly complete conservation of an intron position in the middle of helix B of the repeat. Only exon 59, the largest SR-encoding exon (1472 bp) in human MACF1, lacks this conserved intron and codes for two repeats (SR 10 and 11). This exon-intron organization, including the lack of the intron in two spectrin repeats, is strikingly similar to that of the spectrin/ dystrophin repeats identified in human dystrophin (Koenig and Kunkel 1990; Winder et al. 1995) .
The remaining exons (95-102) give rise to protein sequences that distinguish MACF1 from other plakins. Exons 95 and 96 encoded two putative EF hands, exon 99 the Gas2 domain, and exons 100-102 the serine/glycine-rich C-terminus. Exon 102, the last exon (>1.4 kb), also contained the translation stop codon TAA and a 3Ј UTR.
Alternative splicing occurs not only at the 5Ј end to generate four major isoforms, but also throughout the gene. Exon 54 (63 bp) is present in our cDNA sequence, but not in human trabeculin-␣ (MACF1-2). Exon 98 (18 bp), immediately preceding the predicted Gas2 domain, is not present in macrophin MACF1-2 or another sequence, KIAA0465. Furthermore, exon 100 (111 bp) was identified as a partial sequence of three ESTs derived from breast and colon cDNA libraries, but was not present in any other full-length cDNA cloned. As the lengths of these exons are multiples of 3, alternative splicing would not cause a frame-shift of translation. The functional significance of such alternative splicing is not clear. In mouse Macf1-2 cDNA, there are no sequences corresponding to exons 64 (327 bp) or 72 (9 bp) in the human gene. It is not clear whether this is the result of alternative splicing or missing exons. Another discrepancy between the human and mouse genes is a 12-bp sequence present in the mouse cDNA, but not in human exon 94, nor as a small exon in the human gene.
Expression of MACF1 in human and mouse tissues.
To examine the overall expression pattern of MACF1 in human tissues, we hybridized a dot blot containing poly(A)+ RNA from 50 different human tissues, including sub-regions of the brain, with a mouse 3Ј Twelve BAC clones were isolated from a CITB genomic BAC library by PCR assays, using primers derived from MACF1-4 and MACF1-2 cDNA sequences. Two PAC clones were from an RPCI-1 library identified by PCR screening against PAC contigs for the DFNA2 candidate gene region by Dr. Guy Van Camp. Clone RP4-648J17 (GenBank AL139015), identified by BLAST searches with mouse MACF1-1 (U67203) and human MACF1-2 cDNA sequences (AB029290), contained exons 1 and 2. This clone also contained the NDUFS5 gene (NADH dehydrogenase Fe-S protein 5, also known as NADH ubiquinone oxidoreductase 15 kDa IP subunit) and defines the telomeric neighbor of MACF1. Clone RP11-161O10 (GenBank AC024511) extends from intron 44 to exon 102 of MACF1 and overlaps with clone RP11-118J21 (AL033527), which contains BMP8 (bone morphogenetic protein 8) and MYCL1 and defines the centromeric neighbors of the MACF1 gene. (B) Exon-intron organization of the human MACF1 gene. Horizontal lines denote introns (minimum sizes of large introns noted above lines). Vertical lines and black boxes represent exons (numbered below), starting with exon 1, which contains the 5ЈUTR and start codon of MACF1-2. Exons contained in the MACF1-4 cDNA sequence are represented graphically below the gene, as are exons represented in the published cDNA sequences of the other three MACF1 isoforms, i.e., full-length human MACF1-2 cDNA (AB029290) and partial mouse cDNAs for MACF1-1 (U67203) and MACF1-3 (U67205). Dotted lines in MACF1-1 and MACF1-3 indicate that these regions have not been cloned and are assumed to be identical to isoform 2.
UTR riboprobe specific for MACF1 (corresponding to part of terminal exon 102) (Fig. 5A ). This mouse probe had 90% sequence identity with the human MACF1 cDNA and would therefore crosshybridize to human transcripts. Furthermore, this 3ЈUTR sequence had no significant sequence homology to any other mammalian sequences and thus was gene specific. MACF1 was expressed in all tissues examined, although the levels of expression varied. Hybridization was particularly strong in pituitary, adrenal, thyroid, salivary gland, mammary glands, pancreas, heart, and skeletal muscle. In a subsequent hybridization of the same human dot blot with a MACF1-4 (isoform 4)-specific riboprobe (corresponding to part of exon 38), signals were visible in all tissues, with the strongest hybridization signals in heart, lung, pituitary gland, and placenta (data not shown). This indicates differential tissue distribution among MACF1 transcripts. We also performed PCR surveys, using isoform-specific primers to determine expression patterns of various isoforms. Our survey of a collection of cDNA libraries prepared from 10 human tissues showed that MACF1-4-specific PCR product was detectable only in lung, heart, pituitary, and placenta, but was not visible in brain, kidney, liver, pancreas, skeletal muscle, or HepG2 cell line. These results were consistent with the fact that we were able to clone the MACF1-4-specific sequences from human heart and pituitary cDNA libraries (clones 2 and 3 in Fig. 1 ). On the other hand, MACF1-3 is expressed in lung, heart, placenta, as well as kidney and pituitary gland. Although the PCR results might depend on construction of individual cDNA libraries and might not be conclusive for transcript expression in any particular tissue, they appeared to reflect relative abundance of transcripts.
We determined the size and distribution of Macf1 transcripts by Northern blot analysis of total RNA from several mouse tissues, using a mouse riboprobe derived from the same mouse 3ЈUTR clone used in the human dot-blot experiment. Three large bands with estimated sizes of 12, 15, and 17 kb (Fig. 5B) were detected in several tissues, including brain, heart, ovary/uterus, kidney, and skeletal muscle. The relative intensities of these three bands varied among tissues; the 15-kb band was most abundant in the brain, whereas the 17-kb band was most abundant in the ovary/uterus and heart. As the probe used corresponds to the 3ЈUTR of Macf1 cDNAs, these three major bands reflected the presence of three (or more) Macf1 transcripts of various lengths that share the same 3ЈUTR. The largest 17-kb band is likely to represent the 19.2-kb MACF1-4 cDNA presented in this study, as well as the 17.7-kb Macf1-2 cDNA cloned previously. In a subsequent hybridization of the same Northern blot, a MACF1-2-specific riboprobe detected the 17-kb and 12-kb bands in brain and ovary/uterus; however, the MACF1-2 probe failed to detect either band in the heart. It is thus evident that some bands represent more than one transcript. It is not clear whether the 15-kb band corresponds to transcripts for isoforms 1 and/or 3 or additional isoforms that are yet to be identified.
Discussion
We sequenced BAC/PAC clones to determine the genome organization of the human MACF1 gene on Chr 1p32 between the NDUFS5 (telomeric) and BMP8/MYCL1 (centromeric) genes. Analysis of the genes for large transcripts like the MACF1 mRNA in either the public Human Genome Project or the Celera database indicated that neither group was successful in predicting the complete gene structure of MACF1 (called ACF7 in that analysis; Aach et al. 2001) . First, in both the public and Celera databases the genomic region that contains the first 42 exons is currently in draft format with several gaps. Second, there are no ESTs in dbEST that define the structure of exon 38. In this study, we provide the first experimental evidence that this large genomic region actually codes for functional protein domains by isolating two human heart and pituitary gland cDNAs derived from this region. MACF1 comprises at least 102 exons, spans over 270 kb, and gives rise to four major isoforms by alternative splicing. Exon 1 codes for isoform 2-specific 5Ј UTR and N-terminal sequences, and exon 2 codes for isoform 1-specific N-terminal sequences. Exons 3-6 and 8-10 encode the two halves of the complete Nterminal actin-binding domain ABD that is present in both isoforms 1 and 2. An internal promoter preceding exon 7, which codes for isoform 3-specific sequences, bypasses the first six exons and results in isoform 3 lacking the first half of the ABD. Exons 38-42 are used only in isoform 4. In contrast to these three previously described isoforms, the newly identified isoform 4 (MACF1-4) does not appear to contain the ABD. Instead, MACF1-4 contains N-terminal plectin repeats that are encoded by a single large exon, exon 38, and is the only isoform known to contain plectin repeats. Following these plectin repeats and one spectrin repeat, the cDNA sequences are identical to the previously cloned MACF1-2 and code for the central ␣-helical rod-like domain composed of spectrin repeats, and the C-terminal globular domain that includes two EF hands, a Gas2 homology domain, and a serine/glycine-rich region.
The MACF1 gene appears to be a hybrid between genes encoding two different classes of cytoskeletal linker proteins, the plakin family and the spectrin/dystrophin family. Similarities to the gene for plectin, a well-characterized plakin, can be seen at both the 5Ј and 3Ј ends of MACF1. For example, the exon-intron boundaries for the N-terminal ABD in MACF1 are identical to those in plectin. Furthermore, one large exon encodes all the plectin repeats in MACF1-4, as in the plectin gene. The C-terminal end of MACF1, like the C-terminus of plectin, is serine/glycine-rich and contains GSR repeats. Similarity to the dystrophin gene is apparent in the genomic organization of the spectrin repeats. Each repeat is encoded by several small exons. The intron positions Coordinates of all repeats, except SR3, are based on the published MACF1-2 protein sequence (Macrophin, GenBank BAA83821); SR3 coordinates (italics) are from MACF1-4 sequence (AF317696). Gaps (−) are inserted to optimize the alignment with the consensus sequence. The (,) in SR7 denotes additional sequences encoded by exon 55, which is alternatively spliced and present in both the trabeculin-␣ (GenBank AAF06360) and MACF1-4 sequences, but absent in Macrophin. Secondary structure prediction of ␣-helices and turns are noted under the spectrin repeat consensus sequence. Proline (P) residues are in bold, indicating potential kinks in the secondary structure of the repeats. Vertical lines denote the position of introns. The intron position in helix B has been conserved, as seen previously among spectrin repeats in dystrophin (Koenig and Kunkel 1990) . (B) Alignment of 8 plectin repeats (PR1-PR8) with the consensus sequence predicted by Pfam analysis (E value < 0.05). Plectin repeats are found only in MACF1-4, not in three other MACF1 isoforms. "Plectin repeats" are tandem repeats described first in plectin as a large "GC domain" (for the C-terminal globular domain) containing 6 long "GC repeats" of 245-343 amino acids each (Wiche et al. 1991) . These GC repeats share a highly conserved central region that is constructed from nine tandem repeats of 19-residue motifs plus two flanking repeats. The Pfam database re-defines these tandem repeats and identifies them as "plectin repeats" with 45 amino acids in each unit (about three repeats of the same 19-residue core in each). These tandem repeats comprise the entire C-terminal globular domain of plectin: 20 copies of 45-aa plectin repeat.
within each spectrin repeat of MACF1 are highly conserved and very similar to those identified in the gene for dystrophin. Somewhat surprisingly, however, the exons encoding the plectin repeats are situated between the exons for the spectrin repeats in MACF1.
This hybrid gene structure appears to be an ancient, rather than a recent, event. Several genes identified in lower eukaryotic genomes have a structure similar to mammalian MACF1. The Drosophila melanogaster gene shot, the largest gene (>69 kb) in the Drosophila genome (Adams et al. 2000) , encodes proteins given various names based on the phenotype of the mutant in which it was first identified: kakapo, groovin, and short stop. The alternative splicing seen at the 5Ј end of MACF1 is also evident in the five isoforms of Drosophila shot. Two isoforms have an Nterminal ABD (Strumpf and Volk 1998), two have only a partial ABD, and a truncated isoform lacks the ABD entirely (Lee et al. 2000) . There is a high degree of sequence conservation between shot/kakapo and mammalian MACF1 in the N-terminal ABD and C-terminal Gas2 region (74% similarity). The predicted secondary structure of the spectrin repeats in the central rod domain is conserved between the mammalian and Drosophila proteins, although the primary sequence is not. Genomic analysis revealed that Drosophila shot has larger exons and fewer introns. For example, the ABD is encoded by four rather than seven exons. Two large exons encode 21 of the 27 spectrin repeats in the central rod domain. Furthermore, the intron that was conserved in helix B of the mammalian spectrin repeat is not present in the shot gene.
Analysis of the C. elegans genome identified only one region with high sequence similarity to MACF1. GeneFinder predictions Northern blot analysis. Total RNA was isolated from various tissues of 4-week-old mice. Total RNA (15 g each lane) was subjected to gel electrophoresis, transferred, and immobilized to Nytran membrane. Top: The membrane was hybridized with an anti-sense riboprobe derived from the same mouse 3ЈUTR clone as in the human dot blot analysis. Three major transcripts of 12, 15, and 17 kb were visible in brain, heart, kidney, ovary/uterus, and skeletal muscle. Bottom: Ethidium bromide-stained RNA gel before transfer to visualize the 28S ribosomal RNAs as a control for RNA loading.
currently suggest three consecutive ORFs (5Ј to 3Ј: ZK1151.1, ZK1151.3, ZK1151.2a/b, GenBank Z93398); however, these ORFs may actually constitute a single gene, since the order of protein domains in the C. elegans ORFs is identical to that of human MACF1. The exon-intron boundaries in the first half of this conceptual C. elegans gene, particularly in the ABD, are also similar to those in MACF1. Experimental evidence is needed to confirm the genomic organization of the C. elegans gene and to determine whether or not alternative splicing occurs, as it does in the mammalian and Drosophila genes. Interestingly, the Drosophila and C. elegans genes each contain an exon for sequences with weak homology (E value > 0.10) to the plectin repeat (two to three repeats). This single large exon is positioned between exons for spectrin repeats, similar to that in mammalian MACF1. These common features in human MACF1, Drosophila shot and the C. elegans homolog suggest that these genes are derived from a common ancestral gene.
The plectin repeat, a sequence first described in plectin, is a distinctive feature of all plakins and is not found in other subfamilies of cytoskeletal linker proteins. In most plakins, these repeats are found at the C-terminus. MACF1-4 is the only MACF1 isoform shown to contain plectin repeats, which are located in the N-terminus and are preceded by spectrin repeats. While alternative splicing occurs in the 5Ј end of plakins, such as plectin and dystonin/BPAG1n, to give rise to various N-termini, there are no known variants lacking plectin repeats, suggesting an important role of plectin repeats in the function of plakins. In plectin, these repeats harbor a domain required for intermediate filament binding (Nikolic et al. 1996) , as well as binding site(s) for the ␤4 subunit of the hemidesmosomal ␣6␤4 integrin receptor (Rezniczek et al. 1998) . A similar functional role for the repeats in other plakins has yet to be demonstrated. Since plectin repeats are the common domain feature among intermediate filament-interacting plakins, we propose that plectin repeats may provide the key structure for interaction with intermediate filaments. If it were the case, MACF1-4 would provide a link to intermediate filaments via its N-terminal plectin repeat domain, while MACF1-2 links to microfilaments via its N-terminal actin binding domain (Leung et al. 1999; Sun et al. 1999) . Such sequence variation in the N-termini among different isoforms is likely to enhance functional diversity of MACF1 gene products.
In contrast to the variable domain structure at the N-termini, the central rod domain of MACF1 is invariant and is composed mainly of spectrin repeats. This conclusion is based on the published cDNA sequence of MACF1 isoform 2 and the data on isoform 4 presented in this report. Similar to plectin repeats, spectrin repeats are thought to arise from internal duplications. Spectrin repeats are 109 residue motifs that are also found in several cytoskeletal linker proteins, such as ␣-actinin, spectrin, dystrophin, and utrophin. The spectrin repeat forms three ␣-helices (A, B, and C) separated by proline-rich linkers (Grum et al. 1999; Yan et al. 1993) . The intron position in helix B is conserved in most spectrin repeats of MACF1, a feature remarkably similar to dystrophin (Koenig and Kunkel 1990; Winder et al. 1995) .
The Gas2 homology domain, a distinctive feature of MACF1 and its related large cytoskeletal linker proteins, has 66% similarity (or 38% identity) to a short, C-terminal region (amino acids 238-271) of mouse Gas2 (growth arrest-specific 2) protein (Cowled et al. 1994; Manzow et al. 1996) . Gas2 is a component of the actin microfilament network (Brancolini et al. 1992 ) and a substrate of Caspases 3 and 7 in the apoptosis process (Sgorbissa et al. 1999) . A similar protein is encoded by human GAR22 (Gas2-related sequence on human Chr 22) (Zucman-Rossi et al. 1996) . In MACF1, the Gas2 domain, together with the adjacent serine/glycine-rich region, binds to and appears to stabilize microtubules (Sun et al. 2001) .
Over-expression of either a full length or a truncated Gas2 protein with a C-terminal deletion induces cytoskeletal rearrangement and changes in cell shape that mimic the effects of proteolytic cleavage of endogenous Gas2 in apoptotic cells. The domain that is conserved in MACF1 (the Gas2 homology domain) does not appear to be required for cytoskeletal rearrangement, since overexpression of a C-terminal deletion construct that removes the domain still leads to cytoskeletal rearrangements. Deletion of 36 additional amino acids from the Gas2 protein, however, completely abolishes these morphological changes (Brancolini et al. 1995) . The domain critical in inducing cytoskeletal changes is thus likely to reside in these 36 amino acids.
The genome of C. elegans contains two genes with Gas2 homology domains: the MACF1 homolog (ZK1151) and a much smaller gene (D2096.11) for a hypothetical protein of 1021 amino acids. This second hypothetical protein consists of an N-terminal ABD and two copies of the Gas2 domain in the C-terminal half, but lacks intervening spectrin or plectin repeats. Drosophila genome also contains two genes with Gas2 domains: shot (MACF1 homolog) and a gene similar to Gas2/GAR22 (CG3973, GenBank AE003438). In mammals, only one additional gene besides MACF1, Gas2, and GAR22 is known to contain Gas2-homology sequences. This expressed gene, MACF2, is located on human Chr 6p12, near BPAG1, and has also been called KIAA0728 (Nagase et al. 1998) or trabeculin-␤ . The KIAA0728 partial cDNA encodes only 1065 amino acids of MACF2, including the last five spectrin repeats, two EF hands, the Gas2 domain, and the serine/glycine-rich region. MACF2 shares 80% sequence homology with MACF1 throughout the coding region that has been cloned thus far. In addition, the intron/exon positions of the sequenced region of MACF2 are identical to those in MACF1 (data not shown). MACF1 and MACF2 are therefore likely to be paralagous genes. On the other hand, MACF1 on human Chr 1p32 and the previously cloned mouse Macf/Acf7 are orthologous genes based on the conserved synteny between the human and the mouse genomes in these two chromosomal regions, as well as the high sequence identity (90%) in the 3ЈUTRs.
We observed differential expression patterns of three large MACF1 transcripts among tissues. The complex alternative splicing and the use of tissue-specific internal promoters seen in MACF1 are common features of genes for other cytoskeletal linker proteins, such as dystonin/BPAG1, plectin, and dystrophin. Dystonin/BPAG1 gene codes for at least four isoforms. Isoforms 1 and 2 have the full-sized ABD, and isoform 3 has only the second half of the ABD, whereas isoform 4 uses an internal promoter and has no ABD at all. BPAG1 isoforms are differentially expressed among tissues; isoforms 1-3 (BPAG1n1, 2, and 3) are expressed predominantly in neuronal tissues, whereas isoform 4 (BPAG1e) is controlled by a keratinocyte-specific promoter (Brown et al. 1995) . Plectin has at least 12 transcripts with different 5Ј ends as a result of alternative splicing of 13 coding or non-coding exons; expression of transcripts is also tissue specific (Fuchs et al. 1999 ). The Dystrophin gene encodes for at least 15 isoforms of various lengths containing different segments of the basic dystrophin sequence by use of tissue-specific promoters (Amalfitano et al. 1997) . Such complex alternative splicing results in multiple isoforms that may reflect the diverse function of these cytolinkers. For example, plectin has been shown to interact with intermediate filaments, actin microfilaments, microtubule network via interaction with microtubule-associated proteins, as well as with the nuclear lamina, various components in desmosomes and hemidesmosomes, and signaling molecules (for reviews, see also Steinbock and Wiche 1999). More recently, plectin has been shown to be a substrate of the caspase cascade (Stegh et al. 2000) .
The different MACF1 isoforms reflect functional diversity of these large cytoskeletal linkers. Several studies on mammalian MACF1-2 have assigned functions to the N-and C-terminal domains. MACF1-2 has been postulated to crosslink the actin microfilament and microtubule networks. The N-terminal domain of MACF1-2 has been shown to bind actin, whereas the C-terminus of MACF1-2 associates with microtubules, probably via the Gas2 domain, as well as the serine/glycine-rich region (Karakesisoglou et al. 2000; Leung et al. 1999; Sun et al. 2001) . The co-alignment of actin, microtubules, and MACF1 near intercellular junctions, where microtubules and microfilaments associate, provides additional support for this crosslinking function. A similar functional role has been proposed for Drosophila Kakapo, which is located at the termini of microtubule bundles and may provide links between the microtubule and the cortical actin networks (Strumpf and Volk 1998) . Absence of kakapo causes detachment of these microtubule bundles from the basal membrane (Gregory and Brown 1998) . On the other hand, MACF1-3, which lacks the first part of the Nterminal ABD, does not appear to associate with the actin network. This conclusion is based on studies of BPAG1n3, a neuronal isoform of dystonin/BPAG1, which associates with microtubules through an "M1 domain" immediately following the ABD (Karakesisoglou et al. 2000; Yang et al. 1999) . Both BPAG1n3 and MACF1-3 have similar ABDs, and the "M1 domain" is present in both molecules.
What is the function of MACF1 isoform 4, which lacks the entire actin-binding domain and the M1 domain? Previous studies of MACF1-2 do not provide any clear evidence for MACF1-4 function, since the probes and antibodies used in those studies might not have detected this new isoform. It is expected that MACF1-4 interacts with molecules different from those of cytoskeletal proteins with ABD. If plectin repeats are indeed the keys for intermediate filament binding, MACF1-4 will provide a link between intermediate filaments (via the N-terminus) and microtubules (via the C-terminus). Even though MACF1-4 lacks the Nterminal ABD, an association with the actin network cannot be excluded, since truncated isoforms of dystrophin without an ABD still bind actin. In dystrophin, a cluster of basic spectrin repeats (repeats 11-14) is known to bind to F-actin via electrostatic interactions (Amann et al. 1998) , although a similar basic cluster in utrophin does not bind to F-actin (Amann et al. 1999) . Since alternative splicing is evident not only in the N-terminus but also in other parts of the protein, these minor variations may provide mechanisms for further fine tuning of functions such as binding affinity. Differential expression pattern of MACF1 transcripts among tissues, as seen by this and another recent study (Bernier et al. 2000) , reflects the existence of multiple isoforms within any given tissues, or even cells. Experimental evidence is needed to clarify functional differences among these isoforms.
There are currently no mammalian genetic models associated with defects in MACF1. The MACF1 gene is located on human Chr 1p32 in the region of a dominant deafness locus, DFNA2. Mutations in Cx31 (Connexin31) and KCNQ4 that are centromeric to MACF1 have been shown to be responsible for deafness in some DFNA2 families (Coucke et al. 1999; Kubisch et al. 1999; Xia et al. 1998) . However, no mutation in either gene has been found in the original Indonesian family (Coucke et al. 1999 ) that defined the DFNA2 locus. Since the MACF1 gene is located within the recombinant region defined by the Indonesian DNFA2 family, it remains a candidate gene for this or other deafness families mapped to this region. It is not yet clear which isoforms are present in the ear, nor what their functional roles may be. Sound conductance heavily depends on the integrity of delicate cytoskeletal networks and the stability of the sensory epithelium that is constantly challenged by acoustic stimulation. Defects in structural proteins, e.g., cadherins (Alagramam et al. 2001; Bolz et al. 2001; Bork et al. 2001; Di Palma et al. 2001; Wada et al. 2001; Wilson et al. 2001) , collagens (Lemmink et al. 1997; Verstreken et al. 1996) , connexins (Carrasquillo et al. 1997; Denoyelle et al. 1997; Kelley et al. 1998; Kelsell et al. 1997; Scott et al. 1998) , and tectorins Verhoeven et al. 1998) , have been shown to lead to hereditary deafness. A remaining challenge is to determine whether mutations in MACF1 do indeed lead to deterioration of auditory function. The complete structure of the MACF1 gene should assist these efforts.
